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1. Introduction {#cphc201800216-sec-0001}
===============

Neat ionic liquids (ILs) have been studied extensively since they are promising candidates for different applications,[1](#cphc201800216-bib-0001){ref-type="ref"} e. g. in the fields of catalysis,[2](#cphc201800216-bib-0002){ref-type="ref"}, [3](#cphc201800216-bib-0003){ref-type="ref"}, [4](#cphc201800216-bib-0004){ref-type="ref"} fuel cells,[5](#cphc201800216-bib-0005){ref-type="ref"},[6](#cphc201800216-bib-0006){ref-type="ref"} lithium ion batteries,[7](#cphc201800216-bib-0007){ref-type="ref"}, [8](#cphc201800216-bib-0008){ref-type="ref"}, [9](#cphc201800216-bib-0009){ref-type="ref"} solvents,[10](#cphc201800216-bib-0010){ref-type="ref"},[11](#cphc201800216-bib-0011){ref-type="ref"} lubricants,[12](#cphc201800216-bib-0012){ref-type="ref"},[13](#cphc201800216-bib-0013){ref-type="ref"} sensors,[14](#cphc201800216-bib-0014){ref-type="ref"},[15](#cphc201800216-bib-0015){ref-type="ref"} and gas separation technologies,[15](#cphc201800216-bib-0015){ref-type="ref"}, [16](#cphc201800216-bib-0016){ref-type="ref"}, [17](#cphc201800216-bib-0017){ref-type="ref"} to name only a few. In many of these applications, the surface of the IL plays a decisive role, because it is its interface to the environment. Therefore, tailoring surface properties e. g. by choosing specific anion‐cation combinations being preferentially present at the surface is of high relevance. Recently, research started to focus also on IL mixtures, which enable an even higher number of potential anion and cation combinations.[1](#cphc201800216-bib-0001){ref-type="ref"},[18](#cphc201800216-bib-0018){ref-type="ref"} By gaining knowledge about the interface properties of various anion and cation combinations, we hope to get more insight into the understanding of the outermost surface layer of IL mixtures.

While a number of investigations exists for a variety of IL mixtures concerning bulk physical properties such as viscosity, density, structure, and conductivity,[19](#cphc201800216-bib-0019){ref-type="ref"},[20](#cphc201800216-bib-0020){ref-type="ref"} surface science studies on IL mixtures are less common. The surface composition of binary IL mixtures with non‐functionalized imidazolium‐based ILs was investigated using various surface science techniques such as time‐of‐flight secondary ion mass spectrometry (TOF‐SIMS),[21](#cphc201800216-bib-0021){ref-type="ref"},[22](#cphc201800216-bib-0022){ref-type="ref"} low‐energy ion scattering (LEIS),[23](#cphc201800216-bib-0023){ref-type="ref"},[24](#cphc201800216-bib-0024){ref-type="ref"} Rutherford backscattering (RBS),[22](#cphc201800216-bib-0022){ref-type="ref"},[25](#cphc201800216-bib-0025){ref-type="ref"}, [26](#cphc201800216-bib-0026){ref-type="ref"}, [27](#cphc201800216-bib-0027){ref-type="ref"} angle‐resolved X‐ray photoelectron spectroscopy (ARXPS),[28](#cphc201800216-bib-0028){ref-type="ref"}, [29](#cphc201800216-bib-0029){ref-type="ref"}, [30](#cphc201800216-bib-0030){ref-type="ref"} reactive atom scattering‐laser‐induced fluorescence (RAS‐LIF),[20](#cphc201800216-bib-0020){ref-type="ref"},[31](#cphc201800216-bib-0031){ref-type="ref"} and by simulations.[20](#cphc201800216-bib-0020){ref-type="ref"},[26](#cphc201800216-bib-0026){ref-type="ref"},[32](#cphc201800216-bib-0032){ref-type="ref"},[33](#cphc201800216-bib-0033){ref-type="ref"}

Concerning equimolar IL mixtures with different anions, that is, \[C~4~C~1~Im\]\[Tf~2~N\]~1‐x~\[PF~6~\]~x~ TOF‐SIMS investigations by Souda indicate a strong surface enrichment of \[Tf~2~N\]^−^.[21](#cphc201800216-bib-0021){ref-type="ref"} By RBS, Nakajima *et al*.[25](#cphc201800216-bib-0025){ref-type="ref"} proposed \[Tf~2~N\]^−^ surface enrichment also for \[C~*n*~C~1~Im\]\[Tf~2~N\]~0.5~\[PF~6~\]~0.5~ (*n*=4, 6), but to a lesser degree. On the other hand, they did not observe a pronounced preferential surface enrichment of any of the anions for \[C~6~C~1~Im\]\[Tf~2~N\]~0.5~Cl~0.5~ and \[C~6~C~1~Im\]\[PF~6~\]~0.5~Cl~0.5~ mixtures.[25](#cphc201800216-bib-0025){ref-type="ref"} In a more recent study, the same group again investigated related IL mixtures with RBS and indeed found some surface enrichment;[27](#cphc201800216-bib-0027){ref-type="ref"} they estimated the mole fraction of the surface composition and explained the observed effects with a simple thermodynamic calculation. The authors concluded that larger ions are surface‐enriched compared to smaller ions. Furthermore, in a LEIS study on similar ILs, namely stoichiometric mixtures of \[C~4~C~1~Im\]^+^ with different anions, Cl^−^ or I^−^ with \[Tf~2~N\]^−^, and \[HOSO~3~\]^−^ with \[BF~4~\]^−^, Lovelock and co‐workers[24](#cphc201800216-bib-0024){ref-type="ref"} found strong enrichment of \[Tf~2~N\]^−^ and \[BF~4~\]^−^. They suggest that in a mixture with one common cation but different anions, the anion with the weaker cation‐anion intermolecular interaction is enriched in the outermost surface layer at the expense of the other anion.

Another series of studies addressed mixtures of ILs with the same anion, but imidazolium‐based cations with one shorter and one longer alkyl chain. A TOF‐SIMS study for \[C~2~C~1~Im\]~0.5~\[C~8~C~1~Im\]~0.5~\[PF~6~\] and \[C~2~C~1~Im\]~1‐x~\[C~8~C~1~Im\]~x~\[BF~4~\] reports the long alkyl chains to be located at the outer surface.[21](#cphc201800216-bib-0021){ref-type="ref"} In a comparative RBS and TOF‐SIMS study on \[C~2~C~1~Im\]~1‐x~ \[C~10~C~1~Im\]~x~\[Tf~2~N\] mixtures (x=0.1, 0.5), Nakajima *et al*.[22](#cphc201800216-bib-0022){ref-type="ref"} also proposed surface segregation of the longer chain, but found a higher mole fraction of \[C~10~C~1~Im\]^+^ at the surface in TOF‐SIMS. In line with the observations for mixtures with different anions in the above mentioned studies, they attribute the lower degree of surface enrichment found in RBS to a lower surface sensitivity as compared to TOF‐SIMS and LEIS. In MD simulations for binary \[C~2~C~1~Im\]~1‐x~\[C~8~C~1~Im\]~x~\[TfO\] mixtures, the octyl chain of the \[C~8~C~1~Im\]^+^ cation was found to be preferentially located at the surface, with a decreasing ratio of the number density along with a higher mole fraction of this cation, in line with trends in the above mentioned experiments.[33](#cphc201800216-bib-0033){ref-type="ref"}

In addition, there are some XPS studies available for IL mixtures with a common cation (anion) but with different anions (cations) of different coordination strength,[28](#cphc201800216-bib-0028){ref-type="ref"},[29](#cphc201800216-bib-0029){ref-type="ref"} which can be understood in terms of interionic partial charge transfer between cations and anions.[34](#cphc201800216-bib-0034){ref-type="ref"} Core level binding energy shifts with respect to the neat ILs indicate that the electronic structure on the ions in the bulk is modified when changing the mixture composition, as has been demonstrated for imidazolium‐[29](#cphc201800216-bib-0029){ref-type="ref"} as well as for pyrollidinium‐[35](#cphc201800216-bib-0035){ref-type="ref"} based IL mixtures. It was also shown that specific IL mixtures change the turnover frequency of a catalytic reaction by modifying the anion‐catalyst interaction.[29](#cphc201800216-bib-0029){ref-type="ref"} Recently, also a ternary mixture of \[C~8~C~1~Im\]\[Tf~2~N\]~1‐x‐y~\[SnCl~3~\]~x~Cl~y~ was studied by XPS, indicating a partial charge transfer from the Cl^−^ anion to the \[C~8~C~1~Im\]^+^ cation.[36](#cphc201800216-bib-0036){ref-type="ref"} Concerning surface composition, a binary mixture of \[C~2~C~1~Im\]~0.9~\[C~12~C~1~Im\]~0.1~\[Tf~2~N\] was investigated by ARXPS in our group finding no pronounced enrichment of the cation with the longer C~12~ alkyl chain for this combination.[30](#cphc201800216-bib-0030){ref-type="ref"}

The same \[C~2~C~1~Im\]~1‐x~\[C~12~C~1~Im\]~x~\[Tf~2~N\] mixture as well as a mixture with a fluorinated side chain were recently investigated by RAS‐LIF combined with MD simulations.[31](#cphc201800216-bib-0031){ref-type="ref"} It was shown that the component with the lower surface tension is preferentially located at the surface of the mixture.

Herein, we present for the first time a surface science study of an IL with methoxy (MeO) functionalization at the imidazolium ring, that is, 1,3‐di(methoxy)imidazolium hexafluorophosphate \[(MeO)~2~Im\]\[PF~6~\][37](#cphc201800216-bib-0037){ref-type="ref"},[38](#cphc201800216-bib-0038){ref-type="ref"} (see Table [1](#cphc201800216-tbl-0001){ref-type="table"}), and its equimolar mixtures with ILs containing a non‐functionalized \[C~8~C~1~Im\]^+^ cation and the same or a different anion; the two anions are the medium‐sized hexafluorophosphate (\[PF~6~\]^−^) and the large, less coordinating bis\[(trifluoromethyl)sulfonyl\]imide (\[Tf~2~N\]^−^). The tethering of methoxy groups at the imidazolium ring in \[(MeO)~2~Im\]\[PF~6~\] is expected to have a strong influence on the electronic structure of the imidazolium ring compared to 1,3‐dialkylimidazolium systems,[38](#cphc201800216-bib-0038){ref-type="ref"} which can be accessed by XPS as has been previously shown for a thiouronium‐functionalized IL.[39](#cphc201800216-bib-0039){ref-type="ref"} Dialkoxyimidazolium compounds are interesting due to their ability to dissolve a reasonable amount of the greenhouse gases CO~2~ [40](#cphc201800216-bib-0040){ref-type="ref"} and N~2~O.[41](#cphc201800216-bib-0041){ref-type="ref"} They are also suitable in synthesis due to the fact that N‐heterocyclic carbenes (NHCs) are easily made from imidazolium‐based ILs which then can serve as catalyst or solvent in reactions. It was shown that similar compounds as the \[(MeO)~2~Im\]\[PF~6~\], e. g. with a bromo‐substituent attached to the C~2~‐position or with more bulky substituents, form several metal‐NHC‐complexes.[37](#cphc201800216-bib-0037){ref-type="ref"},[42](#cphc201800216-bib-0042){ref-type="ref"} Furthermore, \[(MeO)~2~Im\]\[PF~6~\] was demonstrated to be catalytically active in a Suzuki coupling reaction, but to a lesser extent than a standard 1,3‐bis(2,4,6‐trimethylphenyl)imidazolium (IMes) salt due to less bulky substituents at the imidazolium ring.[38](#cphc201800216-bib-0038){ref-type="ref"} Furthermore, di(methoxy)imidazolium‐based salts are used for enhancing reactions in water.[43](#cphc201800216-bib-0043){ref-type="ref"}

###### 

Summary of ILs investigated in this study.

  Chemical formula                         Structure                            Name
  ---------------------------------------- ------------------------------------ --------------------------------------------------------------------------------------------
  **IL1**: \[C~8~C~1~Im\]\[Tf~2~N\]        ![](CPHC-19-1733-g009.jpg "image")   1‐methyl‐3‐octylimidazolium bis\[(trifluoromethyl)sulfonyl\]imide
  **IL2**: \[C~8~C~1~Im\]\[PF~6~\]         ![](CPHC-19-1733-g010.jpg "image")   1‐methyl‐3‐octylimidazolium hexafluorophosphate
  **IL3**: \[(MeO)~2~Im\]\[PF~6~\]         ![](CPHC-19-1733-g011.jpg "image")   1,3‐di(methoxy)imidazolium hexafluorophosphate
  **IL4**: \[Me(EG)~2~C~1~Im\]\[Tf~2~N\]   ![](CPHC-19-1733-g012.jpg "image")   1‐\[2‐(2‐methoxy‐ethoxy)ethyl\]‐3‐methylimidazolium bis\[(trifluoromethyl)sulfonyl\]‐imide
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As experimental method, we use ARXPS for probing the surface layer of the IL samples. Our Dual Analyzer System for Surface Analysis (DASSA)[44](#cphc201800216-bib-0044){ref-type="ref"} setup allows for simultaneously recording spectra in a surface sensitive and a bulk sensitive mode, which directly permits to identify surface enrichment or depletion effects of all atoms (apart from hydrogen) being present in the ions. Compared to LEIS and TOF‐SIMS (and to a lower extent also RBS), XPS has the disadvantage that it is sensitive not only to the topmost layer, but depending on the emission angle, the signals stem from the first 7--9 nm (10--15 IL layers; at 0° emission) or from the first 1--1.5 nm (1--2 IL layers; at 80° emission). On the other hand, it is quantitative and allows us to differentiate elements in different chemical environments (i. e. the four inequivalent carbon atoms in \[C~8~C~1~Im\]\[Tf~2~N\] and different O 1s species) by their chemical shift.

2. Results and Discussion {#cphc201800216-sec-0002}
=========================

We investigated equimolar mixtures of ILs with different cations and anions, namely IL1: \[C~8~C~1~Im\]\[Tf~2~N\], IL2: \[C~8~C~1~Im\]\[PF~6~\], and IL3: \[(MeO)~2~Im\]\[PF~6~\]; for an overview and the full names of these three ILs, see Table [1](#cphc201800216-tbl-0001){ref-type="table"}. In particular, we studied the mixture of IL2 and IL3, who share the same anion, and the mixture of IL1 and IL3 with different anions and cations. For all ILs and IL mixtures, we measured the core levels of all elements by angle‐resolved XPS at normal emission (0°, "bulk sensitive") and at grazing emission (80°, "surface sensitive"), to elucidate possible surface enrichment effects. Due to the fact that the XPS peaks of the different elements show pronounced chemical shifts for the different cations and anions, we can base all conclusions on the consistent behavior of several signals.

The neat IL1 and IL2 have already been studied in detail in the past, and a pronounced protruding of the alkyl chains towards the vacuum has consistently been reported.[44](#cphc201800216-bib-0044){ref-type="ref"}, [45](#cphc201800216-bib-0045){ref-type="ref"}, [46](#cphc201800216-bib-0046){ref-type="ref"} On the other hand, we are not aware of any previous XPS studies of IL3, which contains the very specific \[(MeO)~2~Im\]^+^ cation. Therefore, we studied this neat IL in some detail and compare its spectra to those of IL2, and with another oxygen‐containing IL, that is, IL4: \[Me(EG)~2~C~1~Im\]\[Tf~2~N\] (1‐\[2‐(2‐methoxy‐ethoxy)ethyl\]‐3‐methylimidazolium bis\[(trifluoromethyl)sulfonyl\]imide; see Table [1](#cphc201800216-tbl-0001){ref-type="table"}) as reference. This analysis, along with the charge on atoms calculations, will allow for a comparison of the electronic structure of these methoxy and polyethylene‐glycol (PEG) ILs. Notably, for none of the ILs Si 2p signals, indicative of surface‐active polysiloxane contaminations,[47](#cphc201800216-bib-0047){ref-type="ref"},[48](#cphc201800216-bib-0048){ref-type="ref"} are observed in the presented data, confirming the high purity of our ILs.

IL1, IL2, and IL4 are liquid at room temperature and IL3 has a melting point in the regime of 83--84 °C. The presented XP spectra of IL1--IL3 and the respective discussions are based on measurements at 90 °C to enable the comparison of the ILs in their liquid state; IL4 was measured at room temperature. The F 1s peaks of the respective anions are used as an internal reference: Spectra of ILs containing the \[PF~6~\]^−^ anion are referenced to the F~PF6~ peak at 686.8 eV, whereas the F~Tf2N~ peak of ILs comprising the \[Tf~2~N\]^−^ anion is set to 688.8 eV. Notably, XPS of IL3 in the solid state at room temperature show the presence of additional O 1s, N 1s, and C 1s signals. These additional signals increase with increasing irradiation time, indicating a decomposition of the \[(MeO)~2~Im\]^+^ cation under X‐radiation. By heating the sample to 90 °C, these signals almost disappear from the XPS detection volume, probably due to the evaporation of volatile decomposition products and/or dissolution of non‐volatile components into the bulk.

2.1. Normal Emission Spectra of the Neat ILs and Both IL Mixtures {#cphc201800216-sec-0003}
-----------------------------------------------------------------

In Figure [1](#cphc201800216-fig-0001){ref-type="fig"}, the 0° emission XP spectra of the four ILs and the investigated equimolar mixtures are depicted in the a) F 1s, b) O 1s, c) N 1s, d) C 1s, e) S 2p, and f) P 2p regions. The F 1s region (Figure [1](#cphc201800216-fig-0001){ref-type="fig"}a) shows the characteristic F~PF6~ peak of the \[PF~6~\]^−^ anion at 686.8 eV for IL2, IL3, and the IL2+IL3 mixture, and the F~Tf2N~ peak of the \[Tf~2~N\]^−^ anion at 688.8 eV for IL1 and IL4; for the mixture IL1+IL3 both F 1s peaks are observed.

![F 1s, O 1s, N 1s, C 1s, S 2p, and P 2p spectra of the investigated ILs and IL mixtures in 0° emission, measured with Al K~α~ radiation. Orange: IL1, \[C~8~C~1~Im\]\[Tf~2~N\]; violet: IL2, \[C~8~C~1~Im\]\[PF~6~\]; green: IL3, \[(MeO)~2~Im\]\[PF~6~\]; blue: IL4, \[Me(EG)~2~C~1~Im\]\[Tf~2~N\]; red: equimolar mixture of IL1+IL3, \[C~8~C~1~Im\]\[Tf~2~N\]+ \[(MeO)~2~Im\]\[PF~6~\]; black: equimolar mixture of IL2+IL3, \[C~8~C~1~Im\]\[PF~6~\]+\[(MeO)~2~Im\]\[PF~6~\]. All spectra are normalized to the fitted peak intensity of the F 1s spectrum of \[(MeO)~2~Im\]\[PF~6~\]. Abbreviations: MeO for \[(MeO)~2~Im\]^+^, Im for N 1s of \[C~8~C~1~Im\]^+^ and \[Me(EG)~2~C~1~Im\]^+^, EG for O 1s of \[Me(EG)~2~C~1~Im\]^+^, PF~6~ for \[PF~6~\]^−^, Tf~2~N for \[Tf~2~N\]^−^.](CPHC-19-1733-g001){#cphc201800216-fig-0001}

In the O 1s region (Figure [1](#cphc201800216-fig-0001){ref-type="fig"}b), we observe no signal for IL2, the O~Tf2N~ signal at 532.6 eV for IL1, the O~MeO~ signal at 535.3 eV for IL3, and the combined O~Tf2N~+O~EG~ signals at 532.7 eV for IL4. The mixture IL2+IL3 contains the O~MeO~ signal and the mixture IL1+IL3 also the O~Tf2N~ signal.

In the N 1s region (Figure [1](#cphc201800216-fig-0001){ref-type="fig"}c) of IL1, IL2, IL4, and the mixtures IL1+IL3 and IL2+IL3, we find the imidazolium signal, N~Im~, at 402.1 eV and for IL1, IL4, and the IL1+IL3 mixture additionally the N~Tf2N~ signal at 399.4 eV; for the \[(MeO)~2~Im\]^+^ cation in IL3 and in the mixtures IL1+IL3 and IL2+IL3, the imidazolium nitrogen signal, N~MeO~, is found at the significantly higher binding energy of 403.6 eV.

In the C 1s region (Figure [1](#cphc201800216-fig-0001){ref-type="fig"}d), the signal of the carbon atoms, C~hetero~, next to N or O heteroatoms (see Scheme [1](#cphc201800216-fig-5001){ref-type="fig"}) of all neat ILs and IL mixtures are found around 287.3 eV (for a more detailed discussion see below); the carbon atoms, C~alkyl~, of the alkyl chain in IL1, IL2, and the mixtures IL1+IL3 and IL2+IL3 have binding energies around 285.0 eV, and the carbon atoms, C~Tf2N~, of the \[Tf~2~N\]^−^ anion of IL1, IL4, and the mixture IL1+IL3 are at 292.8 eV.

![Definition of the carbon species: C~alkyl~, C~hetero′~, and C~2~.](CPHC-19-1733-g008){#cphc201800216-fig-5001}

In the S 2p and P 2p regions (Figure [1](#cphc201800216-fig-0001){ref-type="fig"}e, f), we observe the spin‐orbit peaks of the \[Tf~2~N\]^−^ and the \[PF~6~\]^−^ anions centered at 169.5 and 137.0 eV, respectively. Note that the binding energies of the anion and cation signals in the neat ILs and also in the equimolar mixtures, all agree to within 0.1 eV. One particular aspect to be mentioned is the fact that in all energy regions the signals of the different anions and cations are significantly separated from each other (see Figure [1](#cphc201800216-fig-0001){ref-type="fig"}), which allows for a detailed quantitative analysis, which is particularly relevant for the equimolar IL mixtures. Taking the atomic sensitivity factors (ASFs) into account, the quantitative analysis of the 0° spectra of all neat ILs is in accordance with the nominally expected atom ratios (see Table S1--S4).

In the following, we will compare the spectra of the four neat ILs in detail. While the spectra of IL1 have already been discussed in the past,[44](#cphc201800216-bib-0044){ref-type="ref"}, [45](#cphc201800216-bib-0045){ref-type="ref"}, [46](#cphc201800216-bib-0046){ref-type="ref"} the spectra of IL3, \[(MeO)~2~Im\]\[PF~6~\], and to some extent also IL2 and IL4, \[Me(EG)~2~C~1~Im\]\[Tf~2~N\], are presented in Figure [1](#cphc201800216-fig-0001){ref-type="fig"} for the first time; in case of IL4, the very similar IL 1‐\[2‐(2‐Ethoxyethoxy)ethyl\]‐3‐methylimidazolium bis‐\[(trifluoromethyl)sulfonyl\]imide (\[Et(EG)~2~C~1~Im\]\[Tf~2~N\]), that is, an IL with an ethyl instead of a methyl group as end group of the long side chain, has already been discussed in detail in ref \[47\].

### 2.1.1. Comparison of \[C~8~C~1~Im\]^+^ and \[(MeO)~2~Im\]^+^ {#cphc201800216-sec-0004}

As IL2 and IL3 have the same anion but different cations, we start by comparing the corresponding spectra. The most pronounced difference is observed for the imidazolium N 1s peak, which is shifted from 402.2 eV (N~Im~) for the \[C~8~C~1~Im\]^+^ cation in IL2 to 403.6 eV (N~MeO~) for the \[(MeO)~2~Im\]^+^ cation in IL3, that is, by 1.4 eV to higher binding energies. Smaller, but significant shifts towards higher binding energy are also found in the C 1s region: For IL2, \[C~8~C~1~Im\]\[PF~6~\], two signals at 285.1 and 286.8 eV can be distinguished; they are assigned to carbon atoms bound only to hydrogen or carbon (C~alkyl~) and to carbon atoms bound to one hetero atom like nitrogen or oxygen (C~hetero′~), respectively. The small shoulder at 287.7 eV is assigned to the C~2~ carbon atom between the two nitrogen atoms. It carries a major part of the positive charge of the imidazolium ring,[49](#cphc201800216-bib-0049){ref-type="ref"},[50](#cphc201800216-bib-0050){ref-type="ref"} and thus, exhibits a higher binding energy than the other C~hetero′~ atoms. For \[(MeO)~2~Im\]\[PF~6~\], the C~hetero′~ and C~2~ signals are shifted to 287.0 and 288.1 eV, that is, by 0.2--0.4 eV to higher binding energy, respectively. Due to the presence of methyl only, and thus, the absence of an alkyl chain, no corresponding signal is observed at 285.0 eV. The shift of the N 1s and C 1s signals of the \[(MeO)~2~Im\]^+^ cation towards higher binding energy by 1.4 and 0.2--0.4 eV, respectively, compared to the \[C~8~C~1~Im\]^+^ cation, is an indication that the imidazolium ring of \[(MeO)~2~Im\]^+^ has a lower electron density compared to \[C~8~C~1~Im\]^+^.

The O 1s spectrum of IL3 shows a very characteristic O~MeO~ peak at 535.3 eV. Since IL2 does not contain an oxygen atom, we compare the spectrum to that of IL4, which also contains an oxygen atom in its functionalized PEG chain of the cation and also in the \[Tf~2~N\]^−^ anion. The O~EG~ and O~Tf2N~ levels have a very similar binding energy within our energy resolution and thus, only a single peak is seen for IL4, which is observed at a slightly higher binding energy of 532.7 eV, as compared to 532.6 eV found for the \[Tf~2~N\]^−^ anion in IL1. Relative to this peak, the O~MeO~ peak of IL3 is shifted towards higher binding energy by 2.6 eV resulting in a binding energy of 535.3 eV. This value is extraordinarily large and to the best of our knowledge oxygen with such a high binding energy is only described in polymers, e. g. 535.5 eV for peroxy‐oxygens in dibenzoyl peroxide.[51](#cphc201800216-bib-0051){ref-type="ref"}

### 2.1.2. Calculations of Atomic Charges in \[C~2~C~2~Im\]^+^, \[(MeO)~2~Im\]^+^, and \[Me(EG)~1~C~1~Im\]^+^ {#cphc201800216-sec-0005}

To elucidate the observed large chemical shifts of IL3 in the O 1s and N 1s regions, atomic charges have been calculated for isolated cations in the gas phase: In an initial‐state picture, shifts to higher binding energies as observed for the uncommon \[(MeO)~2~Im\]^+^ cation of IL3 should be due to a decrease in electron density close to the probed atoms. For \[(MeO)~2~Im\]^+^, two low‐energy conformers (based on out‐of‐plane ether group orientations, see SI for detail) were identified. Atomic and group charges have been determined using both the NBO (natural bond orbital) and ChelpG (charges from electrostatic potential using a grid based method) methodologies. Net NBO charges of −0.35 and −0.02 electrons (e) were found at the O~MeO~ and N~MeO~ atoms, respectively (see Figure [2](#cphc201800216-fig-0002){ref-type="fig"}). The shorter 3‐(2‐methoxyethyl)‐1‐methylimidazolium (\[Me(EG)~1~C~1~Im\]^+^) is used as model for \[Me(EG)~2~C~1~Im\]^+^. Four stable conformers were obtained for \[Me(EG)~1~C~1~Im\]^+^ and charge analysis carried out for the highest and lowest energy structures, which also exhibit significant structural differences (see SI for details), yielding NBO charges of −0.60 to −0.57 e at the O~EG~ atoms and −0.34 to −0.33 e at the N~Im~ atoms. For comparison \[C~2~C~2~Im\]^+^, which is representative of the common \[C~8~C~1~Im\]^+^ cation of IL1 and IL2, has similar NBO values of −0.35 to −0.34 e for the N~Im~ atoms. Apart from differences in absolute values between NBO and ChelpG analysis (due to the very different character of both methods), the relative changes in charge are similar to those identified for the NBO charges (see Table S9 for ChelpG charges).

![Pictorial representation of NBO charge distribution in \[Me(EG)~1~C~1~Im\]^+^ and \[(MeO)~2~Im\]^+^; blue is more negative, white neutral, and red more positive: For both cations, arrows mark the atoms of interest, nitrogen and oxygen.](CPHC-19-1733-g002){#cphc201800216-fig-0002}

The atomic charges found for N~MeO~ in \[(MeO)~2~Im\]^+^ are considerably more positive (less negative) than those found for \[Me(EG)~1~C~1~Im\]^+^ and \[C~2~C~2~Im\]^+^. The more positive environment for N~MeO~ is consistent with the higher XPS binding energies obtained for \[(MeO)~2~Im\]^+^. The NBO group charge for the imidazolium ring has also been determined; +0.93, +0.34, and +0.31 for \[(MeO)~2~Im\]^+^, \[Me(EG)~1~C~1~Im\]^+^, and \[C~2~C~2~Im\]^+^, respectively, clearly identifying a lower electron density on the imidazolium ring of \[(MeO)~2~Im\]^+^ compared to the latter, which is fully consistent with the XPS binding energies measured.

For oxygen, the NBO atomic charges for O~MeO~ in \[(MeO)~2~Im\]^+^ are also considerably more positive than those found for \[Me(EG)~1~C~1~Im\]^+^. These values clearly indicate that electron density at the O~MeO~ atoms is much lower for \[(MeO)~2~Im\]^+^, which explains the observed strong core level shift of more than +2.5 eV towards higher XPS binding energies. Notably, the examination of the molecular orbitals shows p~π~‐orbitals on the O~MeO~ atom interacting with the (aromatic) imidazolium ring p~π~‐orbitals, linking them in a Möbius type way (see Figure [3](#cphc201800216-fig-0003){ref-type="fig"}). Thus, delocalization of the O~MeO~ atom lone pair orbitals across the ring π‐system is occurring, reducing the overall charge on the O~MeO~ atom.

![Molecular orbitals from \[(MeO)~2~Im\]^+^ showing the O~MeO~ atom participating in aromatic delocalization of the imidazolium ring.](CPHC-19-1733-g003){#cphc201800216-fig-0003}

### 2.1.3. Comparison of the Anion Signals of IL1, IL2, and IL3 {#cphc201800216-sec-0006}

To complete the comparison of the spectra of IL3 to the other ILs, we address the anion. Notably, the binding energies for IL2 and IL3 are identical. In the P 2p region, we observe one asymmetric peak, centered at 137.0 eV, due to the non‐resolved spin‐orbit‐splitting of the 2p~3/2~ and 2p~1/2~ levels. In the F 1s spectra, one single peak (F~PF6~) is found at 686.8 eV. If we compare the anion signals of IL3 with those of IL1, we find the spin‐orbit‐split S 2p doublet centered at 169.5 eV in the S 2p region instead of the P 2p signals. Furthermore, the F~Tf2N~ peak at 688.8 eV is clearly separated from the F~PF6~ peak, which enables accurate quantification in the mixtures (see below); the anion‐related N~Tf2N~ and C~Tf2N~ peaks have already been described above.

The analysis of IL1--IL4 shows that the differences of the F 1s, O 1s, N 1s, C 1s, S 2p, and P 2p levels are a clear signature of the respective cations and anions and will serve as extremely helpful, multiple fingerprint in analyzing the IL mixtures below.

### 2.1.4. Equimolar Mixture of IL2 and IL3 {#cphc201800216-sec-0007}

Next we address the equimolar mixture of IL2 and IL3 in Figure [1](#cphc201800216-fig-0001){ref-type="fig"}, that is, a mixture of ILs with the same anion \[PF~6~\]^−^. Overall, all signals are found at identical binding energies as for the neat ILs. For the F 1s, P 2p, and O 1s regions, in each case only one signal is found, which is due to the anion (F 1s and P 2p) and the \[(MeO)~2~Im\]^+^ cation (O 1s). In the N 1s and C 1s region, the signals of the two cations are superimposed. The N~Im~ peak is found at 402.1 eV and the N~MeO~ peak at 403.6 eV. The C~hetero′~ and C~2~ signals of \[C~8~C~1~Im\]^+^ and \[(MeO)~2~Im\]^+^ in the neat ILs are only slightly shifted (0.2--0.4 eV) relative to each other, which leads to a combined peak at 286.9 eV with a high energy shoulder at 287.9 eV, and the well separated C~alkyl~ peak at 285.0 eV. Within the margin of error, the binding energies of the F 1s, O 1s, N 1s, C 1s, and P 2p peaks are coinciding with the binding energies of the previously presented IL2 and IL3.

The comparison of the intensity of the two N 1s peaks and the two dominating C 1s peaks yields to an at first sight stunning result: From the IL2:IL3=\[C~8~C~1~Im\]^+^ : \[(MeO)~2~Im\]^+^=1 : 1 stoichiometry (50 % : 50 %) of the equimolar IL mixture, one would expect an intensity ratio of 1 : 1 for the N~Im~ : N~MeO~ signals. Inspection of Figure [1](#cphc201800216-fig-0001){ref-type="fig"}c (and Table S6), however, shows a ratio of 1 : 0.85 (54 % : 46 %), that is, a reduced amount of \[(MeO)~2~Im\]^+^ in the near‐surface region probed by XPS. Since weighting errors can be ruled out due to our accuracy being below 1 %, we propose that the observed deviation is due to a pronounced surface enrichment of the \[C~8~C~1~Im\]^+^ cations in the top most layer, which goes along with a depletion of the \[(MeO)~2~Im\]^+^ cation. Considering an inelastic mean free path of the C 1s and N 1s electrons of 3 nm (at kinetic energies of 1150±60 eV), the contribution of the topmost layer to the total signal at normal emission is 20--25 %. Assuming a simplified model with the topmost layer containing only \[C~8~C~1~Im\]^+^ cations and all layers underneath being mixed stoichiometrically (1 : 1), a signal ratio of 1.2 : 0.8 (60 % : 40 %) is expected in XPS, which would yield an even stronger increase of the nitrogen signals of \[C~8~C~1~Im\]^+^, on expense of the \[(MeO)~2~Im\]^+^ signals, than observed by us.

### 2.1.5. Equimolar Mixture of IL1 and IL3 {#cphc201800216-sec-0008}

Finally, we discuss the spectra of the equimolar mixture of IL1 and IL3 in Figure [1](#cphc201800216-fig-0001){ref-type="fig"}, that is, the mixture of ILs with different anions and different cations to search for possible selective enrichment of anions or cations. For this IL mixture, we find contributions from different cations and anions in nearly all regions; only the S 2p and P 2p spectra show solely contributions from one of the anions each. In the F 1s region, we find the F~Tf2N~ and the F~PF6~ peaks of the two anions at 688.8 and 686.7 eV, respectively. The O 1s region displays the O~Tf2N~ and O~MeO~ peaks at 532.6 and 535.3 eV, respectively. In the N 1s region, we find three peaks, the N~Tf2N~ peak at 399.4 eV, the N~MeO~ peak at 403.6 eV, and the N~Im~ peak at 402.0 eV. The carbon region shows the C~Tf2N~ peak at 292.8 eV, the C~alkyl~ peak at 284.9 eV, and the superposition of the C~hetero′+C2~ peaks of the \[C~8~C~1~Im\]^+^ and \[(MeO)~2~Im\]^+^ cations at 286.8 and 287.8 eV, respectively. Within the margin of error, the binding energies of the F 1s, O 1s, N 1s, C 1s, S 2p, and P 2p peaks are coinciding with the binding energies of the previously presented neat IL1 and IL3.

When comparing the intensities of the different anion and cation signals, we again find apparent deviation from the nominal stoichiometry. From the 50 % : 50 % stoichiometry of the equimolar IL mixture, \[C~8~C~1~Im\]\[Tf~2~N\]+\[(MeO)~2~Im\]\[PF~6~\] (IL1+IL3), one would expect an intensity ratio of 2 : 2 : 1 for the N~Im~ : N~MeO~ : N~Tf2N~ signals and of 7 : 10 : 2 for the C~alkyl~ : C~hetero′+C2~ : C~Tf2N~ signals. As for the IL2+IL3 mixture, the \[(MeO)~2~Im\]^+^ signals are lower than expected from the stoichiometry, which indicates again that this cation is depleted from the surface and that \[C~8~C~1~Im\]^+^ is enriched at the surface. Information on possible enrichment effects of the anions can be derived also from the F 1s spectra; the ∼14 % larger peak area of the F~Tf2N~ as compared to the F~PF6~ peak (Table S5) indicates a depletion of the \[PF~6~\]^−^ anions in the topmost layer.

2.2. Angle‐Resolved XPS Results {#cphc201800216-sec-0009}
-------------------------------

To obtain more detailed information of surface enrichment and depletion effects, we will present and analyze angle‐resolved XP spectra of the neat IL2 and IL3, and in particular the IL mixtures in the following. IL1 has already been discussed in literature.[44](#cphc201800216-bib-0044){ref-type="ref"}, [45](#cphc201800216-bib-0045){ref-type="ref"}, [46](#cphc201800216-bib-0046){ref-type="ref"} For this IL, a significant increase of the C~alkyl~ is observed at 80°, that is, the signal at 80° increases by about 22 % (see SI, Figure S1). This behavior is a clear indication of the surface enrichment of the alkyl chains by preferential orientation of the cations. Concomitantly, most of the other signals decrease by a factor up to 13 %. For IL4, only minor changes with emission angle are seen (Figure S2), indicating the absence of major enrichment/orientation effects at the outer surface. This is in line with our earlier[47](#cphc201800216-bib-0047){ref-type="ref"} observations for other PEG ILs. For the signals of the \[Tf~2~N\]^−^ anion, we find a minor surface enrichment of the CF~3~ groups and a depletion of the corresponding SO~2~ groups.[21](#cphc201800216-bib-0021){ref-type="ref"},[22](#cphc201800216-bib-0022){ref-type="ref"},[47](#cphc201800216-bib-0047){ref-type="ref"},[52](#cphc201800216-bib-0052){ref-type="ref"}

### 2.2.1. Neat IL2 and IL3 {#cphc201800216-sec-0010}

We start with the analysis of the spectra of the neat IL2, \[C~8~C~1~Im\]\[PF~6~\]. In Figure [4](#cphc201800216-fig-0004){ref-type="fig"}, the F 1s, O 1s, N 1s, C 1s, and P 2p spectra are depicted for 0° (black) and 80° (red) emission. We observe a strong enhancement of the C~alkyl~ signal (increase in peak intensity of 31 %) at 80° as compared to 0°, which indicates that the alkyl chain of the \[C~8~C~1~Im\]^+^ cation is enriched at the surface, pointing away from the surface towards vacuum. For the F~PF6~, N~Im~, C~hetero′+C2~, and P~PF6~ signals, we find a damping at 80° due to the surface‐enriched alkyl groups on top. This damping is most pronounced for the F 1s level and least pronounced for the P 2p level, which is attributed to the increasingly lower kinetic energy of the emitted photoelectron, ∼800 eV for F 1s vs. ∼1350 eV for P 2p.

![F 1s, O 1s, N 1s, C 1s, and P 2p spectra of IL2, \[C~8~C~1~Im\]\[PF~6~\], in 0° (black) and 80° (red) emission, measured with Al K~α~ radiation.](CPHC-19-1733-g004){#cphc201800216-fig-0004}

The F 1s, O 1s, N 1s, C 1s, and P 2p spectra of the neat IL3, \[(MeO)~2~Im\]\[PF~6~\], are depicted in Figure [5](#cphc201800216-fig-0005){ref-type="fig"} for 0° (black) and 80° (red) emission. We observe no pronounced intensity changes (peak area changes) with emission angle; the apparent lower peak height at 80° for most core levels (0--2 %) goes along with a slight peak shift and broadening of the peaks; the latter is probably due to the inhomogeneous final state screening in the topmost layer, which contributes to 80 % of the signals at 80°, but only to 25 % of the signal at 0°. The absence of significant signal intensity differences for the various core levels in 80° and 0° emission indicates a homogeneous distribution of anions and cations at the surface and in the bulk of the IL. This is in line with previous experience that surface enrichment effects are typically found for systems with functionalized and non‐functionalized alkyl chains with a chain length of at least 4 carbon units.[52](#cphc201800216-bib-0052){ref-type="ref"},[53](#cphc201800216-bib-0053){ref-type="ref"} Notably, the small peak at 285.0 eV, is due to a minor contamination of the IL (see Experimental Section).

![F 1s, O 1s, N 1s, C 1s, and P 2p spectra of IL3, \[(MeO)~2~Im\]\[PF~6~\], in 0° (black) and 80° (red) emission, measured with Al K~α~ radiation.](CPHC-19-1733-g005){#cphc201800216-fig-0005}

### 2.2.2. Equimolar Mixture of IL2 and IL3 {#cphc201800216-sec-0011}

Next, we analyze the angle‐resolved XP spectra of the equimolar mixture of IL2 and IL3 in Figure [6](#cphc201800216-fig-0006){ref-type="fig"}, that is, the IL mixture of ILs with the identical \[PF~6~\]^−^ anion. The C~alkyl~ signal shows a very strong enhancement (increase in peak height of ∼69 %) at 80° (red) as compared to 0° (black) emission, which indicates that the \[C~8~C~1~Im\]^+^ cation is enriched at the surface with the alkyl chain pointing away from the surface towards vacuum. At the same time, the N~MeO~ and O~MeO~ signals of the \[(MeO)~2~Im\]^+^ cation show only ∼45 % intensity at 80° as compared to 0° emission, indicating the depletion of this cation from the topmost layer. For the F~PF6~ and P~PF6~ signals, a moderate decrease of the 80° signals as compared to 0° signals is observed, very similar to that of the neat IL2, which is again due to the damping of the anions by the surface‐enriched octyl chain of the \[C~8~C~1~Im\]^+^ cation. Interestingly, the damping of the N~Im~ signal at 402.1 eV is weaker than for the neat IL2. This behavior is attributed to the increased surface sensitivity in 80°, where the contribution from the \[C~8~C~1~Im\]^+^‐enriched topmost layer dominates (∼80 % of total signal intensity originates from this layer), whereas at 0° this enriched layer has a much smaller contribution (25 %), while the majority of the signal (75 %) stems from the bulk underneath with a 1 : 1 composition. The same argument also explains the comparably weak damping of the combined C~Im~+C~MeO~ signal at ∼287 eV. Taking all these results together, we find a pronounced surface enrichment of the \[C~8~C~1~Im\]^+^ cation, which goes along with a surface depletion of the \[(MeO)~2~Im\]^+^ cation. From the 80° emission data a concentration of ∼69 mol% of \[C~8~C~1~Im\]^+^ is deduced for the first 1--1.5 nm. This conclusion is perfectly in line with the conclusions already drawn above from the comparison of the 0° intensities of the C 1s and N 1s core levels of the different cations discussed in the context of Figure [1](#cphc201800216-fig-0001){ref-type="fig"}. The observed enrichment of \[C~8~C~1~Im\]^+^ on expense of \[(MeO)~2~Im\]^+^ in the top‐most layer is attributed to the thermodynamic driving force to obtain the lowest possible surface tension, that is, surface free energy. Despite the fact that no experimental surface tension values are available for the neat IL3 or for the IL2+IL3 mixture, it appears plausible that the weakly coordinating \[C~8~C~1~Im\]^+^ with its long alkyl chain exhibits a considerable lower surface tension than the more polar \[(MeO)~2~Im\]^+^, and is thus enriched at the surface.[54](#cphc201800216-bib-0054){ref-type="ref"}

![F 1s, O 1s, N 1s, C 1s, and P 2p spectra of the equimolar IL2+IL3 mixture, \[C~8~C~1~Im\]\[PF~6~\]+\[(MeO)~2~Im\]\[PF~6~\], in 0° (black) and 80° (red) emission, measured with Al K~α~ radiation.](CPHC-19-1733-g006){#cphc201800216-fig-0006}

### 2.2.3. Equimolar Mixture of IL1 and IL3 {#cphc201800216-sec-0012}

Finally, we address the surface composition of the equimolar mixture of IL1 and IL3 (see Figure [7](#cphc201800216-fig-0007){ref-type="fig"}), that is, the mixture of ILs with different cations and anions. The C~alkyl~ signal is considerably enhanced (by ∼47 %) at 80° (red) as compared to 0° (black), which again indicates that the \[C~8~C~1~Im\]^+^ cation is enriched at the surface with the alkyl chain preferentially pointing towards the vacuum. Again, also the N 1s and O 1s signals of the \[(MeO)~2~Im\]^+^ cation show a much lower intensity (only ∼62 %) at 80° emission, due to the depletion of this cation from the topmost layer. These signal changes result in a concentration of ∼69 mol% of \[C~8~C~1~Im\]^+^ probed in 80° emission for the first 1--1.5 nm. Concerning the anions, we find a pronounced decrease of the F~PF6~ (by 39 %) and P~PF6~ signals (by 27 %), indicating the depletion of \[PF~6~\]^−^ from the topmost layer. On the other hand, we find a moderate increase (up to 14 %) of the F~Tf2N~, O~Tf2N~, N~Tf2N~, C~Tf2N~, and S~Tf2N~ signals at 80° as compared to 0°. This increase is in contrast to the neat IL1, where all anion signals decreased by 2--13 % in intensities at 80°, and indicates the enrichment of \[Tf~2~N\]^−^ in the topmost layer of the IL1+IL3 mixture indicating a concentration of ∼68 mol% of \[Tf~2~N\]^−^ in the first 1--1.5 nm. In sum, our ARXPS results clearly show that pronounced surface enrichment of \[C~8~C~1~Im\]^+^ and \[Tf~2~N\]^−^ and depletion of \[(MeO)~2~Im\]^+^ and \[PF~6~\]^−^ also occurs in equimolar IL mixtures with different anions and cations. Concerning the cations, again the \[C~8~C~1~Im\]^+^ cation is enriched at the surface, due to its presumed lower contribution to the surface tension. For the anion, we find \[Tf~2~N\]^−^ enriched at the surface while \[PF~6~\]^−^ is depleted. We attribute this to the lower contribution to the surface tension of the former; indeed, surface tension measurements for \[C~8~C~1~Im\]\[Tf~2~N\] and \[C~8~C~1~Im\]\[PF~6~\] yield values of 29.5 mN/m for the former and 32.5 mN/m for the latter.[55](#cphc201800216-bib-0055){ref-type="ref"}

![F 1s, O 1s, N 1s, C 1s, S 2p, and P 2p spectra of the equimolar IL1+IL3 mixture, \[C~8~C~1~Im\]\[Tf~2~N\]+\[(MeO)~2~Im\]\[PF~6~\], in 0° (black) and 80° (red) emission, measured with Al K~α~ radiation.](CPHC-19-1733-g007){#cphc201800216-fig-0007}

3. Conclusions {#cphc201800216-sec-0013}
==============

We have studied ILs with a methoxy functionalized imidazolium‐based cation, that is, \[(MeO)~2~Im\]\[PF~6~\], and equimolar mixtures of this IL by angle‐resolved X‐ray photoelectron spectroscopy. In the \[(MeO)~2~Im\]\[PF~6~\]+\[C~8~C~1~Im\]\[PF~6~\] mixture, the second IL has the same anion, but the non‐functionalized \[C~8~C~1~Im\]^+^ as cation. In the \[(MeO)~2~Im\]\[PF~6~\]+\[C~8~C~1~Im\]\[Tf~2~N\] mixture, the second IL consists of different anions and cations. For the neat \[(MeO)~2~Im\]\[PF~6~\], we observe that the tethering of methoxy groups at the imidazolium ring leads to pronounced changes in the electronic structure of the imidazolium rings as compared to the situation for the non‐functionalized ring; these changes are reflected by pronounced differential shifts towards higher binding energies of the imidazolium nitrogen and carbon atoms as well as for the oxygen atoms linked to the ring. DFT calculations for the \[(MeO)~2~Im\]^+^ cation combined with an atomic charge analysis are fully in line with the observed XPS shifts in an initial state picture: In contrast to the situation for PEG‐ or alkyl‐chains, the electron density is considerably reduced in the imidazolium ring and also at the oxygen of the methoxy group, when oxygen is directly linked to the nitrogen atoms. For the two equimolar mixtures, we found no additional changes in the electronic structure, that is, the binding energies are unchanged as compared to the neat ILs within the margin of error. For both equimolar mixtures of ILs with different cations (\[(MeO)~2~Im\]^+^ or \[C~8~C~1~Im\]^+^) and anions (\[PF~6~\]^−^ or \[Tf~2~N\]^−^), we always observed pronounced surface enrichment effects by angle‐resolved XPS. For the mixture with the same \[PF~6~\]^−^ anion, we find a pronounced enrichment of the octyl chain‐containing \[C~8~C~1~Im\]^+^ cation and a corresponding depletion of the \[(MeO)~2~Im\]^+^ cation in the topmost layer. For a mixture of these cations with different anions, we find surface enrichment of the \[C~8~C~1~Im\]^+^ cation and the \[Tf~2~N\]^−^ anion, while \[(MeO)~2~Im\]^+^ and \[PF~6~\]^−^ are depleted from the surface. The observed behavior is proposed to be due to a lowering of surface tension by the enriched components.

**Experimental Section** {#cphc201800216-sec-0014}
========================

Materials {#cphc201800216-sec-0015}
---------

\[C~8~C~1~Im\]\[PF~6~\] was purchased from Sigma‐Aldrich (purity\>95 %). \[(MeO)~2~Im\]\[PF~6~\] was synthesized with a purity of \>99 %.[37](#cphc201800216-bib-0037){ref-type="ref"},[38](#cphc201800216-bib-0038){ref-type="ref"} \[Me(EG)~2~C~1~Im\]\[Tf~2~N\] and \[C~8~C~1~Im\]\[Tf~2~N\] were synthesized as was published earlier;[45](#cphc201800216-bib-0045){ref-type="ref"},[47](#cphc201800216-bib-0047){ref-type="ref"} the PEG‐functionalized IL \[Me(EG)~2~C~1~Im\] \[Tf~2~N\] was used for comparison of binding energy positions. \[(MeO)~2~Im\]\[PF~6~\] shows a minor contamination in its solid state at room temperature, which almost disappears by heating the sample to 90 °C. All neat ILs were used without further purification. For ARXPS, a thin layer (thickness about 0.1 mm) of the neat ILs or the equimolar mixtures was placed onto a molybdenum sample holder and transferred to the vacuum chamber via a load‐lock, where they remained at least twelve hours for degassing. The equimolar mixtures of \[(MeO)~2~Im\]\[PF~6~\] with \[C~8~C~1~Im\]\[Tf~2~N\] or \[C~8~C~1~Im\]\[PF~6~\] were prepared with acetonitrile (Sigma‐Aldrich, purity 99.8 %) as a co‐solvent to ensure proper mixing of the respective ILs. They were dripped on the molybdenum sample holder with a disposable glass pipette outside and put into the load‐lock after slow evaporation of the co‐solvent acetonitrile.

Angle‐Resolved X‐Ray Photoelectron Spectroscopy (ARXPS) {#cphc201800216-sec-0016}
-------------------------------------------------------

All angle‐resolved XP spectra were measured with our DASSA[44](#cphc201800216-bib-0044){ref-type="ref"} apparatus, which is a modified Multiprobe® *XP* system (OMICRON NanoTechnology GmbH). To our knowledge, this ARXPS system is the first setup to be equipped with two hemispherical energy analyzers (ARGUS‐type). The analyzers are mounted at emission angles *ϑ* of 0° and 80° with respect to the surface normal of a horizontally aligned sample. This enables the simultaneous measurement of 0° and 80° emission spectra of liquids, which would drip off the sample holder upon sample rotation away from the horizontal position. Measuring simultaneously at both angles has the additional advantage that the measuring time for the two spectra is reduced by a factor of two and possible time‐ (or radiation‐) induced changes can be ruled out (or minimized). As X‐ray source, we use monochromated Al K~α~ radiation, impinging onto the sample under the magic angle of 54.7°, with respect to both analyzers. The surface sensitivity of XPS increases with increasing emission angle, proportional to 1/cos(*ϑ*). Considering the inelastic mean free path of electrons in organic matter of 2.6 (F 1s)--3.3 nm (P 2p)[56](#cphc201800216-bib-0056){ref-type="ref"} at the given kinetic energies of the photoelectrons (∼800 (F 1s)--1300 eV (P 2p)), the information depth at 0° amounts to 7--9 nm, while at 80° only the topmost 1--1.5 nm are probed. All 80° spectra are scaled up by a so‐called geometry factor obtained for each data set according to ref \[44\]. Consequently, a larger (smaller) signal at 80° as compared to 0° unambiguously indicates that the corresponding element has a higher (lower) concentration at the surface than in the bulk. Therefore, conclusions about surface enrichment and surface orientation effects are possible.

The X‐ray source (XM 1000) was operated at a power of 238 W, with a spot size of the monochromated Al K~α~ radiation (*hν*=1486.6 eV) of 1.0 mm×2.0 mm on the sample. For both analyzers, we used a curved slit of 1.0 mm×10.0 mm and the high magnification mode. These settings led to an acceptance angle of ±3.1° and a full‐width‐at‐half‐maximum (FWHM) of the analysis area of 0.31 mm×3.2 mm in 0° emission. The pass energy was set to 35 eV resulting in an overall instrumental energy resolution of 0.4 eV.

All spectra were referenced to the F 1s signals of the \[PF~6~\]^−^ and \[Tf~2~N\]^−^ anions at 686.8 and 688.8 eV, respectively, to compensate for charging effects and different sample work functions. With this binding energy referencing, the C~alkyl~ of \[C~8~C~1~Im\]^+^ (see Scheme [1](#cphc201800216-fig-5001){ref-type="fig"} for peak assignment) is located at 285.0±0.1 eV.

The peaks in the different regions were analyzed for quantification. Quantitative analysis was possible by using the intensity of the fitted peaks and taking into account the ASF of each signal.[44](#cphc201800216-bib-0044){ref-type="ref"} For ILs containing the \[Tf~2~N\]^−^ anion, a three‐point linear background was subtracted in C 1s spectra; for all other spectra, a two‐point linear background subtraction was used. The signals were fitted with a Gauss‐Lorentz function with 30 % Lorentz contribution. The XP signals of P 2p and S 2p are composed of two components, namely the spin‐orbit‐split 2p~1/2~ and 2p~3/2~ levels. The two components always have the same FWHM and binding energy separation (0.90 eV for P 2p and 1.21 eV for S 2p), and an area ratio of 1 : 2. When fitting the C 1s spectra constraints were employed (for peak assignment see Scheme [1](#cphc201800216-fig-5001){ref-type="fig"}): The area ratios of the C~2,~ C~hetero′~, and C~alkyl~ peaks measured at 0° were set to their nominal ratios; at 80°, no area constraints were applied for C~alkyl~. For IL1 and IL2 (see Table [1](#cphc201800216-tbl-0001){ref-type="table"}), the separation of C~2~ and C~hetero′~ is set to 0.90 eV, with the FWHM of C~hetero′~ 1.10 times wider than that of C~2~ and C~alkyl~. For IL4, the FWHM of C~hetero′~ is 1.19 times that of C~2~. For IL3, the C~hetero′~ and C~2~ are separated by 1.10 eV, with the FWHM of C~hetero′~ 1.02 times wider than that of C~2~. All fit parameters are extracted by fitting several C 1s spectra as mentioned in ref \[44\]. Note that in earlier publications C~2~ and C~hetero′~ were combined in one C~hetero~ peak due to a lower resolution than for the DASSA setup used here.

Calculation of Atomic Charges {#cphc201800216-sec-0017}
-----------------------------

In order to correlate XPS core level binding energies with the electron density, density functional theory (DFT) calculations were carried out and the atomic partial charges on individual atoms were compared via two charge analysis methods: NBO and ChelpG.[57](#cphc201800216-bib-0057){ref-type="ref"},[58](#cphc201800216-bib-0058){ref-type="ref"} The calculations are performed for \[(MeO)~2~Im\]^+^, \[C~2~C~2~Im\]^+^, and \[Me(EG)~1~C~1~Im\]^+^. Thereby, the \[C~2~C~2~Im\]^+^ cation is taken as a model cation for the larger \[C~8~C~1~Im\]^+^ cation studied by ARXPS as well as for direct comparison with \[(MeO)~2~Im\]^+^ without oxygen being implemented in the cation.

DFT calculations were performed at the B3LYP−D3(BJ)/6‐311G(d,p) level using Becke\'s three‐parameter exchange functional in combination with the Lee, Yang, and Parr correlation functional (B3LYP).[59](#cphc201800216-bib-0059){ref-type="ref"},[60](#cphc201800216-bib-0060){ref-type="ref"} Grimme\'s D3 dispersion correction with Becke‐Johnson (BJ) damping was used to account for dispersion.[61](#cphc201800216-bib-0061){ref-type="ref"}, [62](#cphc201800216-bib-0062){ref-type="ref"}, [63](#cphc201800216-bib-0063){ref-type="ref"}, [64](#cphc201800216-bib-0064){ref-type="ref"} The 6‐311G(d,p) basis set was employed for all calculations. All calculations were carried out employing the Gaussian 09 (revision D.01) suite of programs.[65](#cphc201800216-bib-0065){ref-type="ref"} Structures were fully optimized under no symmetry constraints and maxima and minima have been confirmed by vibrational analysis (one or no imaginary frequencies). NBO analysis employed version 6.0 (not the default version within G09).[66](#cphc201800216-bib-0066){ref-type="ref"},[67](#cphc201800216-bib-0067){ref-type="ref"} All molecular orbitals have been generated using the Gaussview software at the 0.02 au isosurface.[68](#cphc201800216-bib-0068){ref-type="ref"}

The NBO charge analysis is based on atomic orbitals, and as such provides a "localized" view. The electron density is decomposed into a basis of natural atomic orbitals, which can be described as the effective "natural orbitals of an atom" in a particular molecular environment. The negative charge on the atoms is calculated by assigning electron density to atoms on which the basis atomic orbitals are centered; the balance with the positive nucleus charge then provides the NBO charge on this atom.[57](#cphc201800216-bib-0057){ref-type="ref"} The ChelpG charge analysis is based on the electrostatic potential (ESP) created by the DFT‐derived electron density. Atomic partial charges are fitted in order to reproduce the ESP (beyond the van‐der‐Waals radii of all the atoms in the molecule); in this sense the charges produce an "external" view of the ion or molecule. It has been shown that both NBO and ChelpG charge analysis can be well correlated with experimental XPS binding energies and near edge X‐ray absorption fine structure (NEXAFS) spectroscopy.[69](#cphc201800216-bib-0069){ref-type="ref"},[70](#cphc201800216-bib-0070){ref-type="ref"} While fitted trends may show a good correlation with both NBO and ChelpG there is a more robust physical basis for the correlation of NBO charges with the experimental data presented here, which leads us to focus on the NBO charges. The ChelpG charges and a discussion of the associated limitations are presented in the SI.
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